We used 87 Sr/ 86 Sr as a proxy for Ca to apportion the contribution of atmospheric deposition and soil mineral weathering sources to the Ca pools in trees in a small forested watershed of southern Quebec. The effects of topography and forest stand composition were assessed by dividing the watershed into three study zones representing two elevations and differences in tree species. Apportionment calculations show that all tree species studied contained Ca that is dominantly sourced from soil mineral weathering (averaging 85%), due to the presence in the soils of easily weathered Ca-bearing minerals such as calcite and apatite as well as the relatively deep rooting habits (reaching the mineral soil) of the tree species. Calcium pools in trees are shifted towards the atmospheric component on hilltops due to the filtering of dry aerosols of the tree canopies which are more exposed to atmospheric circulation than trees at the bottom of the slopes, although some variability in soil bulk chemistry and mineralogy in the watershed obscures the full extent of this phenomenon. The buildup and recycling of Ca in the soilvegetation system, with the forest floor acting as the major accessible Ca pool for the tree roots, must be considered when interpreting apportionment calculations. This work supports other Ca cycling models in forests suggesting that topography can influence the balance of Ca captured from atmospheric sources by trees, even in cases where mineral weathering is the dominant source of Ca nutrition in trees.
Introduction
Calcium (Ca) is an important nutrient for tree growth and can influence stand productivity in temperate and boreal forests, notably in sugar maple (Acer saccharum) stands (Kobe et al., 1995; van Breemen et al., 1997) . However, several factors such as soil acidification (Likens et al., 1996) , intensive silviculture and fast tree growth (Alban, 1982) and forest harvesting (Thiffault et al., 2006) have the potential to lower Ca availability and in turn, alter tree nutrition, health and growth rates. It follows that certain measures to protect the forest floor may be necessary in ecosystems that efficiently retain and reuse recycled Ca within the first few centimeters of soil (Dijkstra and Smits, 2002; Holmden and Bélanger, 2010) . Calcium cycling and tree nutrition must therefore be well understood in boreal and temperate forests in view of optimizing the management of soil and forest resources.
Over the last twenty years, biogeochemists and soil scientists have used the isotopes of strontium (Sr) as a proxy for Ca to apportion the contribution of atmospheric deposition and soil mineral weathering to the Ca pools in trees [e.g. see Table 1 in Bélanger and Holmden (2010) ]. In components of terrestrial environments, the amount of 87 Sr varies as a result of the slow radioactive decay of 87 Rb. The 87 Sr/ 86 Sr ratio can therefore be used as a tracer of Sr sources in natural systems. If 87 Sr/ 86 Sr in atmospheric deposition differs from that of soil mineral weathering, then these sources will be mixed in trees through uptake of Sr by fine roots and released again to the soil through litterfall and throughfall. As the geochemical behaviour of Sr is close to that of Ca, the Ca/Sr and Stewart et al. (1998) and Capo et al. (1998) .
The 87 Sr/ 86 Sr studies of Ca apportioning in trees and soils have changed our understanding of the sources of base cations in terrestrial ecosystems. Before the use of this approach, it was believed that soil mineral weathering was the main (or sole) contributor of Ca to trees. It is now recognized that the atmosphere, either from wet or dry deposition, is an important source of Ca in many settings. In fact, some forests seem to satisfy their Ca requirements almost entirely from atmospheric inputs (Kennedy et al., 1998; Drouet et al., 2005; Perakis et al., 2006; Poszwa et al., 2009; Bélanger and Holmden, 2010) , whereas, in others, Ca nutrition is mostly supported by soil mineral weathering (Bailey et al., 1996; Vitousek et al., 1999; Blum et al., 2002; Bern et al., 2005) . Some other forests depend on a mixture of these two primary Ca sources (Miller et al., 1993; Blum et al., 2002; Poszwa et al., 2004; Bélanger and Holmden, 2010) . These studies suggest that it varies mainly as a function of the atmospheric Ca flux, the weathering susceptibility of Ca-containing minerals (e.g. apatite), and the topographic position and rooting habits (depth) of the tree species. Sr ratios.
Determining the mineral weathering contribution through laboratory leaching experiments is a common approach but it has potential pitfalls. Indeed, many choices must be made that can affect the outcome of the results (Bailey et al., 1996; Drouet et al., 2005 Drouet et al., , 2007 Holmden and Bélanger, 2010) . For example, should a sample of the unweathered rock material be prepared for acid leaching, or should a sample from the existing soil profile be used? If the natural soil is chosen, then at what depth should it be collected? Natural soil horizons do not weather evenly and new minerals form over time.
Furthermore, ion exchange sites deep in the soil profile may contain recycled Sr that has percolated down from upper horizons . The type of acid, the acid strength and the temperature of the acid treatment and whether the soils are sieved or ground to test for a specific particle size or bulk composition have also been shown to affect the 87 Sr/ 86 Sr ratio of the laboratory inferred weathering signature.
Although much progress has been made towards developing a set of best laboratory practices for determining the mineral weathering signature of soil and rock samples (Blum et al., 2002; Bullen and Bailey, 2005; Nezat et al., 2007; Bélanger and Holmden, 2010; Holmden and Bélanger, 2010) 
Materials & Methods

Study site
The study was conducted in the Hermine experimental watershed (HEW) at the was disturbed by fire in the 1920s which also resulted in patches of early successional tree species such as largetooth aspen (Populus grandidentata), yellow birch (Betula alleghaniensis) and paper birch (Betula papyrifera) (Bélanger et al., 2002a) .
The soils are well-drained rocky glacial tills derived partly from the underlying anorthosite pluton of the Morin Anorthosite Complex (Philpotts, 1966; Doig, 1991) .
However, due to the small size of the pluton, the soils in the watershed have also acquired a mineral composition that originates from a variety of more felsic rocks (charnockite, mangerite, jotunite and syenite) located in the periphery of the anorthosite complex ( Figure 1 ) which were mixed with the anorthosite by continental ice sheets during the Pleistocene. As a result, the major element composition of the bulk soils is relatively homogenous across the watershed but differs markedly from the underlying anorthositic bedrock (Table 1) .
The mineralogy of the <2 µm (clay) fraction of the podzolic B horizons was estimated by McCourt (1993) using X-ray diffraction on Mg-, K-and HCl-treated samples. The procedures of Kittrick and Hope (1963) were used to separate the clays into semi-quantitative percentages of the whole <2 µm fraction. These estimates suggest 45.4% quartz, 15% plagioclase feldspars, 19% chlorite, 10% muscovite, 4% hornblende, 4% vermiculite, 1.5% biotite, 1% garnet and 0.1% apatite. Elemental analysis results
were also used to assign elements to their respective minerals using the UPPSALA norms for soils (Sverdrup and Warfvinge, 1992) . The UPPSALA model is a normative backcalculation model for reconstructing empirical soil mineralogy from total digestion analysis and is based on assumptions of the stoichiometric composition of the minerals in soils of granitic origin (i.e., Swedish Precambrian Shield). Minerals are grouped into assemblies of minerals with similar composition and dissolution rates (e.g. chlorite is composed of trioctahedral chlorite, primary illite, trioctahedral vermiculite of primary type, and biotite; epidote includes all epidotes and pyroxenes). These norms suggest 34.1% quartz, 29% plagioclase feldspars, 15.7% hornblende, 13.8% K-feldspars, 4.9% muscovite, 2.1% epidote and 0.4% apatite. Plagioclase makes up between 15 wt.% of the clays (X-ray diffraction) and 29 wt.% of the bulk soil (UPPSALA norms), which is a proxy of the maximum contribution of anorthosite to the whole soil considering it is nearly a monomineralic rock composed of plagioclase feldspars (~90% based on CIPW norms using the major element composition of the anorthosite in Table 1 ).
The soils have a sandy loam texture and are classified as Orthic Humo-Ferric Podzols (Soil Classification Working Group, 1998) . The forest floor is a moder humus form varying in depth from 5 to 10 cm. The significant presence of vermiculite and chlorite in the local soils as suggested by X-ray diffraction indicates that the alteration of biotite (K-saturated) to vermiculite (Mg-saturated) is a common weathering reaction in cool and wet soils (Blum and Erel, 1997; Wilson, 2004) , whereas chlorite is most likely present due to hydrothermal alteration of biotite as the igneous rocks cooled or during post-magmatic hydrothermal activity (Hurlbut and Klein, 1985) .
Field study
This study is part of an ongoing long-term monitoring program initiated in 1993 at HEW aimed at examining the effects of intra-and inter-year climatic variations and of long-term changes in atmospheric deposition on nutrient availability and cycling as well as forest health (Côté et al., 1998; Côté et al., 2003; Bélanger et al., 2002b Bélanger et al., , 2004 Courchesne et al., 2005) .
Three zones that reflect the spatial variability of tree species, soils and topography in the watershed were selected. Zone 1 (downstream-downslope) and zone 2 (upstreamdownslope) are dominated by sugar maple, whereas zone 3 (downstream-upslope) is mainly composed of largetooth aspen and birch spp. Zone 3 is similar in elevation to zone 2 but different topographically because it is on a plateau that may affect the drainage.
Within each zone, three circular plots of 300 m 2 were delineated for detailed studies. We used soils sampled during the summer of 1993 to avoid disturbing the plots with a large pedon as hydrochemical studies linking streamwater chemistry with soil solutions and shallow groundwater are ongoing. They were sampled by diagnostic horizons (LFH, Ae, Bf 1 , Bf 2 , BC and parent C) up to about 1 m in one pedon within each plot.
Zero-tension lysimeters (Hendershot and Courchesne, 1991) Australia) placed on a raft in the center of a small lake (lac Triton) near the bulk deposition tower or from the provincial wet-only deposition monitoring station (Boulet and Jacques, 1992) . Both wet-only samplers were within 500 m of the tower.
Stream discharge was calculated in 2004 from the water level above a 908 Vnotch weir measured with a Global Level sensor bubbler (model BT101). The measurement frequency was four per hour (Biron et al., 1999 Foliage and stem wood samples were oven-dried for 48 h at 65ºC and then finely ground (about 50 μm). Foliage and the outer 10 cm of the stem wood, excluding the bark, were digested in a clean room environment at 80°C for 16 hours. Both PTFE beakers and ultra pure HNO 3 were used for the procedure.
Sequential chemical leaching
Due to the chemical and mineralogical differences of the soils relative to the local anorthosite bedrock, the soil mineral weathering signature for 87 Sr/ 86 Sr and molar Ca/Sr ratios was derived from weak acid treatments of soils and the anorthosite collected from the study site, rather than by analysis of the anorthosite alone. A sequential chemical leach of the lower B horizon was performed on one sample per zone following a protocol very similar to that used by Blum et al. (2002) and Nezat et al. (2007) . The lower B horizon was selected as it relates to the depth at which the mineral soil solutions (50 cm)
were collected by lysimetry. Thus, the chemical composition of lower B solutions and soil leachates should, in theory, be comparable. Using Ca/Sr, potassium (K)/sodium (Na), Ca/P, and other elemental ratios for the leachates, this approach was used successfully to
Sr of a soil mineral (e.g. apatite) or a series of soil minerals (e.g. Kbearing phyllosilicates or plagioclase) (Blum et al., 2002; Nezat et al., 2007; Bélanger and Holmden, 2010) . A 3 g sample was first placed in contact with 30 ml of 1 M NH 4 Cl solution for 2 h on an end-over-end shaker to remove exchangeable Ca and Sr.
The sample was then leached for 2 h on the same shaker with 30 ml of 1 M HNO 3 at room temperature (20-21°C). The third step was to further leach the 1 M HNO 3 leached soils in 50 mL centrifuge tubes with 15 M HNO 3 for 10 h at 80˚C. Finally, aliquots of the residues of those three successive reactions were transferred to individual PTFE beakers and completely dissolved with a mixture of concentrated HF and HNO 3 acids for 48 h at 120°C. All of the leachates were evaporated to dryness and re-dissolved in 0.2 N HNO 3 for major and minor element analysis. The same stock solutions were used for 87 Sr/ 86 Sr analysis. Nezat et al. (2007 Nezat et al. ( , 2008 suggested that the 1 M HNO 3 leach attacks calcite and apatite in direct contact with the solution, although phyllosilicates, hornblende and epidote can be dissolved to some extent . 
Major and minor element analyses
Bulk solution samples identified in Table 2 The elemental compositions of the solid phase of the lower B horizons and of anorthosite presented in Table 1 were determined on 32-mm-diameter fused beads prepared from a 1:5 soil-lithium tetraborate mixture using an automated X-ray fluorescence spectrometer system (Philips PW2440 4 kW) with a Rhodium 60 kV end window X-ray tube. A thin section of the anorthosite was also prepared for the in situ measurement of the major elements in selected minerals using a JEOL 8600 Superprobe in the Earth and Atmospheric Sciences Department at the University of Alberta. Isotope Facility at the University of Alberta. Strontium was separated from matrix cations using conventional cation exchange chromatography prior to mass spectrometry following techniques described in Sharp et al. (2002) . Strontium isotopic analyses of atmospheric deposition samples (bulk and wet-only) were performed by Thermal
Ionization Mass Spectrometry on a Thermo Fisher Triton instrument using a static data collection mode and tantalum (Ta) filaments with a phosphoric acid and Ta gel mixture to increase ionization efficiency (Creaser et al., 2004 Sr ratios (Figure 7a,b) .
Calcium apportionment calculations
The Ca in trees (veg) is apportioned between soil mineral weathering (w) and atmospheric deposition (a) derived Ca inputs using the following equation:
A derivation of this equation can be found in Stewart et al. (1998) 
Discussion
Soil mineral weathering
In spite of the fact that bedrock lithology at HEW is anorthosite (a rock composed predominantly of plagioclase), the soils have developed almost wholly from the thin veneer of glacial till, which contains a more complicated assemblage of minerals. The study site is situated approximately five kilometers west of a contact zone with anorthosite-orthopyroxene granitoids and southeast of a series of banded granitic gneisses, charnockite gneiss, orthopyroxene granitoids (charnockite, mangerite, jotunite and syenite) and sparse areas of marble (Figure 1 ). Glacial advance from the north (Veillette, 2004) resulted in a mixing of minerals and rock fragments sampled from the surrounding felsic rocks containing minerals such as quartz, muscovite, plagioclase, Kfeldspar, hornblende and biotite, and marbles containing calcite (Peck et al., 2005 (Barton and Doig, 1977) . This age is similar to the U-Pb zircon age of the Morin Anorthosite dated at 1155 ± 3 Ma (Doig, 1991 Rb decay.
The soil and anorthosite leachate data in Figure 8 define a linear array with a slope that is very close to the mangerite isochron, albeit with a greater scatter. This is evidence that the chemical and mineralogical makeup of the till soil is similar to the mangerite and that the soil protolith is broadly similar in age to the mangerite rocks (due to the similarity in slope between the soil pseudo-isochron and the mangerite isochron).
The minerals of which the soil is composed range from Rb poor to Rb rich, which is again similar to the minerals in the mangerite. Sr ratios of the magmas from which the rocks of the Morin Anorthosite Complex were formed, owing to crustal contamination of the parent magmas during emplacement (Barton and Doig, 1977 (Figure 4 ), which aggressively attacks phyllosilicates (Nezat et al., 2007; Bélanger and Holmden, 2010) , points to the possibility that some of the biotite has been altered to chlorite (19%) and vermiculite (4%).
The second grouping has virtually no Rb and a low 87 Sr/ 86 Sr ratio, indicative of minerals such as plagioclase feldspar and hornblende, but the high molar Ca/Sr ratios of these leachates points to calcite or apatite as the main source of Ca in this grouping.
Apatite is a likely candidate based on the strong negative correlation between 87 Sr/ 86 Sr and P (or correlations with molar Ca/P and Sr/P ratios, Figure 3 ) in the weak acid leachates (Blum et al., 2002) . Calcite is also a likely candidate as indicated by the fact that the 0.1 M HCl leach produced the lowest 87 Sr/ 86 Sr and highest molar Ca/Sr of all the soil leachates (Figure 2 ) (Drouet et al., 2005) . The high molar Ca/Sr of 1625 is typical of calcite with small amounts of Sr substitution, but it is also typical of apatite minerals. For example, in geochemical study of world rivers, Gaillardet et al. (1999) reported an average Ca/Sr ratio of ~1400 for rivers draining bedrock composed dominantly of old marine carbonates. Similarly, Holmden et al. (1997) identified an end-member Ca/Sr ratio of 2000 (Sr/Ca = 0.5 millimole/mole) using literature data on world rivers taken from a variety of sources, which they too attributed to the weathering of calcite in watersheds dominated by carbonate bedrock. But because the stoichiometry of apatite is fixed at a molar Ca/P ratio of 1.66, it is possible to calculate the proportion of apatite and calcite contributing the Ca based on the molar Ca/P ratios of that 0.1 M HCl leach (Figure 3d ). This soil mineral group in zone 1 is estimated at 41% apatite and 59%
calcite, whereas this group is estimated at 12% apatite and 88% calcite in zone 2 and 57% apatite and 43% calcite in zone 3.
The calcite in the soils may be derived from several bedrock sources outcropping in the region, including Phanerozoic marine carbonates, Proterozoic marbles and original igneous calcite from calc-silicate skarn assemblages in rocks of the Morin series (Peck et al., 2005) gathered and mixed into the till by Pleistocene ice sheets moving towards the South (Figure 1 ). At HEW, F. Courchesne (personal communication) has also measured high Ca concentrations (mean of 5.61 mg l -1 with a maximum value of 9.30 mg l -1 ) in shallow wells (80 cm from surface) collecting groundwater from clay-rich pond sediments. This is about two-fold the mean and peak concentration values of soil solutions collected at 50 cm. The solution pH also varies between 6.6 and 7.6, a level that has never been measured before in any hydrological end-members of the watershed. (2010) used end-member mixing analysis (EMMA model) at HEW to identify the main hydrological components contributing to the stream during 64 hydrological events and showed that both the forest floor and shallow mineral soil solutions were becoming significant sources of water to the stream during events with antecedent moisture conditions. They pointed to both the upstream-downslope and downstream-downslope locations (i.e. zones 2 and 1, respectively) as being the main sources of shallow soil solutions to the stream. In our study, the stream water 87 Sr/ 86 Sr, molar Ca/Sr and molar Sr/Ba ratios at high flow fall closer to the forest floor and mineral soil solutions data in zone 1 than the two other zones (see Figure 7b for 87 Sr/ 86 Sr vs. molar Ba/Sr ratios), supporting the role of this downstream-downslope location in feeding the stream during wet periods. Furthermore, Ali et al. (2008) showed that the mineral soil solutions of upstream-downslope (zone 2) and downstream-upslope (zone 3) locations were more directly connected to the stream than forest floor solutions from these locations, which is also consistent with Figure 7a ,b. Sr ratio of a stream at low flow is shifted to the soil mineral weathering end-member, whereas it is shifted to the atmospheric end-member at high flow. In our study, we find that the stream shifts towards soil solution chemistry at high flow but is still dominated by bedrock weathering. Because soils are not formed from the local bedrock, the weathering of the soil cannot be deduced from the weathering of the bedrock at this location. Also, the 87 Sr/
86
Sr signature of precipitation may be masked at high flow by shallow groundwater inputs from saturated soils along the stream bank and hillslope.
This is a problem that will affect formerly glaciated landscapes. It could also be a problem in soils developed directly from the local bedrock (e.g., laterites) where the weathering interface is very deep and the 87 Sr/ Implications for Ca apportionment studies using 87 Sr/
Sr as a tracer
The proportion of atmospherically Ca inputs to the trees in zone 1 (downstreamdownslope) is among the lower values found in the literature (see Table 1 in Bélanger and Holmden (2010) ). Recently, forests in Costa Rica (Bern et al. 2005) and Puerto Rico (Pett-Ridge et al. 2009b ) growing on deeply weathered mountain soils were unexpectedly shown to be dominated by soil mineral weathering sources of Sr and geological processes. In zone 1 at HEW, the wetter soils close to the stream, due to wetting of reactive mineral surfaces, were modeled (using SAFE) to weather at a greater rate than the soils in the drier downstream-upslope zone 3 (Bélanger et al., 2002b) . The simulated release of Ca from soil mineral weathering was indeed about 20% higher than that of the higher elevation plots in zone 3 (Table 4) . Trees in that downstream-downslope zone may therefore rely more heavily on soil mineral weathering because of faster weathering. As suggested by Kennedy et al. (2002) , species and rooting depth could be important factors in determining the contributions of atmospheric deposition to the Sr and Ca pool in trees.
The rooting habit of American beech, largetooth aspen, red maple and white birch is presumably shallower than the associated yellow birch and sugar maple (Burns and Honkala, 1990) . The deeper rooting habits of sugar maple and yellow birch, which are the species that constitute most of our foliage database, could therefore potentially mean that soil mineral weathering of calcite and apatite is a more reliable source of Sr and Ca to these tree species. However, neither beech, aspen, red maple or white birch showed 87 Sr/ 86 Sr differences with sugar maple and yellow birch. This is probably because the former species have tap roots that can easily penetrate the soil to 1 m and/or their rooting patterns do not differ enough from those of yellow birch and sugar maple for Ca and Sr sources in the soil to change substantially.
The higher proportions of atmospherically derived Ca in hilltop trees at HEW also suggests that these canopies are better suited to filtering atmospheric aerosols as they are more exposed to atmospheric circulation compared to shielded canopies in the valley bottoms (Parker, 1983) . The input of high soluble particles from captured aerosols are transferred as throughfall and stemflow to the forest floor (and eventually tree roots).
This is seen with the 87 Sr/ 86 Sr ratios of the forest floor solutions which appear to acquire a Sr isotopic composition that falls close to that of atmospheric deposition ( Figure 7 , Table   2 ). et al. (2001) showed that trees growing near the stream received ~40% of their Ca from atmospheric sources, while those at higher elevation received 80%. In this case, however, the potential for increased filtering of atmospheric aerosols by trees at higher elevations was not considered. Rather, the results were attributed to changes in the chemical and mineralogical characteristics of the soil along the toposequence.
The soils at HEW are more uniform than those at the northern Saskatchewan or Sr ratios had to be considered for each topographic position.
The original finding in northern Saskatchewan that elevation is a key factor in the capturing of atmospheric aerosols is therefore reinforced by the present Quebec study.
Yet, the difference in apportionment calculations between zones 1 and 2 (12%) is about 2-fold the difference between zones 1 and 3 (5%), which supports the idea that the canopy filtering effect works in combination with other factors to differentiate Ca sources to the trees between valley bottoms and hilltops. Despite that the soils are drier on hilltops and weather slower (Bélanger et al., 2002b) , there is a possibility that the difference in atmospherically derived Ca in the trees between the zones at HEW could be due to landscape differences in soil weathering contributions of Ca from phyllosilicate
minerals. An examination of the bulk chemistry data from the soils (Table 1) (difference between zones 1 and 3) than 12% (difference between zones 1 and 2).
An alternative interpretation of the hillslope influence over Ca apportioning at HEW could be that mineral soils on hilltops have acidified at a faster rate compared to mineral soils near the stream due to higher acidic deposition (Joslin et al., 1992) .
According to Bullen and Bailey (2005) , more atmospherically derived Sr and Ca in hilltop trees could be explained by the fact that the rooting system of the trees progressively became shallower and is now mainly located in the forest floor where solutions are more largely influenced by Ca originating from the atmosphere. However, Courchesne et al. (2005) did not observe clear evidence for accelerated soil acidification of hilltop soils at HEW. We therefore believe that the filtering of dry particulates by trees on hilltops is the most likely explanation for their higher 87 Sr/ 86 Sr ratios than increased weathering of soil phyllosilicate minerals.
Based on the data presented in Bélanger et al. (2002a) , the average uptake rate of Ca in the forest stand at HEW calculated over seventy-five years of growth using aboveground biomass and Ca concentrations in wood and foliage is about 2500 mol ha yr -1 ) is less than 3% of that uptake flux (Bélanger et al., 2002a) . On the other hand, the soil mineral weathering Ca, Mg and K fluxes were estimated using the SAFE model with a full set of measured input parameters including soil solution chemistry and soil moisture, texture and mineralogy (Bélanger et al., 2002b) . The combined flux of Ca, Mg and K was estimated to be between 900 and 1150 mol ha -1 yr -1 . The Ca flux was 90% of the combined flux (N. Bélanger, unpublished data), which is approximately 800 to 1000 mol Ca ha -1 yr -1 or about 30% of the annual uptake rate of Ca. Despite the uncertainties in the soil mineral weathering estimates using this modeling approach, the fact that they are one order of magnitude larger than the atmospheric deposition flux supports the larger role of the soil mineral weathering flux as a source of Ca for the trees at the site. Figure 7a , the stream and soil solutions line is drawn using soil solution medians, whereas the line joining the + symbols is for leachates of anorthosite. In Figure 7b , the full squares and circles represent solution data from zone 1 (downstream-downslope). 
